Ni(HF2)(3-Clpyridine)4]BF4 (NBCT) is a one-dimensional, S = 1 spin chain material that shows no magnetic neutron Bragg peaks down temperatures of 0.1 K. Previous work identified NBCT to be in the Haldane phase and near a quantum phase transition as a function of D/J to the large-D quantum paramagnet phase (QPM), where D is the axial single-ion anisotropy and J is the intrachain superexchange. Herein, inelastic neutron scattering results are presented on partially deuterated, 11 B enriched NBCT polycrystalline samples in zero magnetic field and down to temperatures of 0.3 K. Comparison to density matrix renormalization group calculations yields D/J = 1.51 and a significant rhombic single-ion anisotropy E (E/D ≈ 0.03, E/J ≈ 0.05). These D, J, and E values place NBCT in the large-D QPM phase but precipitously near a quantum phase transition to a long-range ordered phase.
I. INTRODUCTION
Spin chains have played a foundational role in understanding many-body physics in the quantum regime, dating to nearly a century ago and continue to yield interesting physics. Lower spin values naturally possess more quantum features, and the S = 1/2 and S = 1 isotropic chains have distinct ground-states [1] . The S = 1/2 class of materials is unique in that it may be considered analytically via Bethes approach, giving a gapless ground-state [2] . Conversely, the isotropic S = 1 antiferromagnetic (AFM) spin chains do not have analytical solutions and have a non-degenerate gapped ground-state that is called the Haldane phase [3] [4] [5] . These spin chains are also notable as prototypes for considering topologically-ordered physics [6] , having a hidden nonlocal order parameter [7] .
The present work focuses on the effects of single-ion anisotropy on the ground-state and excitations of S = 1 chains that may be characterized by the spin Hamiltonian
where S i = (S x i , S y i , S z i ), J > 0 is the AFM intrachain superexchange energy, J is the interchain superexchange * pajerowskidm@ornl.gov energy and the < i, j > summation is between neighboring chains, D is the single-ion axial anisotropy, and E is the single-ion rhombic anisotropy. Theoretical consideration and numerical studies of eq. (1) gives rise to a complex phase diagram in J, J , D, and E with an array of quantum critical boundaries and quantum multi-critical points. [8] [9] [10] [11] An additional term of exchange anisotropy has also been considered in the so-called XXZ chains [8, 9] . Only more recently has the rhombic anisotropy been considered, and like D it destabilizes the Haldane phase [10] . For J = 0 and E = 0 without exchange anisotropy, the Haldane phase is bounded by the critical easy-plane anisotropy D C /J = 0.96845 [8] and the critical easy-axis anisotropy D C /J = −0.32 [9, 11] .
From the perspective of the dynamical (energyresolved) correlation functions, spin chains described by eq. (1) have a singlet ground state with propagating magnetic modes as excited states. For the isotropic case (D = E = 0) there is one mode of spin-spin correlations S α S α (with α = x, y, z) that has a gap at the AFM zone center (often called the π-point) of ∆ = 0.41J [12] . Introducing D splits the propagating modes into longitudinal S z S z and transverse S x S x = S y S y components. Finally, finite E splits the transverse mode,
Experimentally, compounds having various values of J, J , D, E have been reported. A summary of experimentally realized S = 1 spin chains for different J, J , and D may be found in Table 1 of reference [13] , although E is not included there. It stands out that there is a large number of compounds that are well within the Haldane phase with D/J < 0.25 and compounds with D/J > 4 that are in the large-D quantum paramagnet (QPM) phase. It is exceptional that [Ni(HF 2 )(3-Clpyridine) 4 ]BF 4 (NBCT) is projected to have D/J ≈ D C /J ≈ 1.
The NBCT system is a coordination polymer with S = 1 Ni 2+ magnetic ions octahedrally coordinated as NiF 2 N 4 , where the nickel chains are separated by large chloropyrizine ligands and the intra-chain nickel bonds are via Ni-F-H-F-Ni linkages, Fig. 1 (a) [14] . The physical chain separation of > 10Å without any apparent electron hopping pathways makes a strong case for J ≈ 0 in NBCT. There is a 34 • canting angle between the unique axes of the nickel along the chain, Fig. 1 (b) . The unit cell parameter along the chain, c-axis is 12.291Å and there are two nickel ions within the unit cell along this direction such that the π-point is at a momentum of 0.511Å −1 . The initial identification of D/J = 0.88 for NBCT was derived by fitting the high-temperature susceptibility, assuming D = 0, to obtain J = 4.86 K (0.42 meV) and g = 2.10, and UV-Vis data to extract D = 4.3 K (0.37 meV). No E value has been reported. The proximity of NBCT to a phase boundary was also inferred from isothermal magnetization studies that used randomly arranged microcrystals cooled down to 50 mK, and an upper limit for a possible critical magnetic field (which could indicate existence of the gap) was given as H C 35 ± 10 mT [15] .
Here, to further characterize the NBCT material, we have used inelastic neutron scattering (INS) experiments and density matrix renormalization group (DMRG) [16] calculations. The INS technique can directly probe time and space spin correlations in materials and has therefore been extensively used to investigate spin chain materials [17] . In the following, we use INS from isotopically enriched powder samples to quantify the collective magnetic modes in NBCT at T = 0.3 K. The observed spectra are then compared with T = 0 DMRG calculations of the dynamical spin structure factor S(q, ω) of eq. (1) with J = 0 to extract D, J, and E. The important findings are that D/J = 1.51 and E/J ≈ 0.05 for our isotopically doped sample of NBCT. These results are in striking contrast to the D/J = 0.88 value reported for NBCT without isotope doping using bulk probes. The concluding section frames the present results in the context of the existing literature and provides suggestions for future studies of this unique system. Additional technical details are given in the Appendices.
II. RESULTS AND DISCUSSION
Neutron spectra were collected at T = 0.07 K and showed no additional magnetic Bragg scattering (e.g. no magnetic ordering down to that temperature), but the background multiple scattering from that setup proved problematic for measuring inelastic features. Additional INS measurements were performed with a different cryo- stat at T = 0.3 K and 13 K for incident energies (E i s) of 1.00 meV, 1.55 meV, 3.32 meV, and 7.00 meV. No magnetic signal was observed above energy transfers of ω ≈ 1.2 meV. The one-dimensional scattering function for NBCT was extracted from the powder data using the reported method [18] . For the E i = 3.32 meV data, the dispersionless T = 13 K data were subtracted from the T = 0.3 K data to remove extrinsic multiple scattering signatures, while the E i = 1.00 meV data have no such subtraction. A lattice-periodic dispersive mode is visible in the E i = 3.32 meV data, Fig. 2 (a) . Two gaps at q 1D = π (Q 1D ≈ 0.51 −1 ) visible in the E i = 1.00 meV data, Fig. 2 (c), with values of ∆ 1 = 0.057 meV and ∆ 2 = 0.111 meV from the fits described below. The momentum transfer along the chain is Q 1D and the unitless momentum q 1D varies from 0 to 2π in the Brillouin zone.
To extract Hamiltonian parameters, the experimental data were compared to DMRG calculations. For the E i = 3.32 meV data, the optimization region is between ω = [0.8, 1.3] meV and Q 1D < 1 −1 . For the E i = 1.00 meV data, the optimization region is between ω = [0.045, 0.400] meV and Q 1D = [0.44, 0.60] −1 . Initial conditions for the fitting were D/J = [0, 0.5, 1.0, 1.5, 2.0] with J values initialized to have the model zone boundary peak intensity at ω = 1.1 meV. These fits have three intrinsic parameters D, J and ∆ E , where ∆ E captures the effect of the rhombic E-term by modifying that 
There is one extrinsic parameter that scales the overall intensity. Relative intensity between the E i = 3.32 meV and E i = 1.00 meV was taken from the known flux difference of those energies, the momentum resolution was taken from Bragg peaks, and the energy resolution used semi-empirical model that has been developed for the spectrometer. The lowest residuals were found with the D/J = 1.51 parameters in Table I , which yields the spectra in Figures 2 (b) and (d).
A more quantitative visualization of the best-fit model compared to the data is possible by integrating over some momentum regions. The splitting of the gap at q 1D = π and quantitative gap-energy fitting of the model to the data is shown in Fig. 3 . Some higher energy lines further illustrate the good quantitative agreement of the D/J = 1.51 model with the INS data, Fig. 3 (b-d) . This higher energy spectral weight is essential to the model, as without it the gap energies have no context, and there is also information regarding the dispersivity of the S z S z mode. It is unclear if the incorrect model intensity in Fig. 3 (a) shows an intrinsic effect or is merely due to a difference between the recorded thermometer temperature and the actual sample temperature (a temperature of T ≈ 0.6 K would increase the model intensity of the lowest mode and reproduce the experimentally observed ratio of the two modes). Indeed, it may be that the difficulty in cooling is due to a large entropy contribution of the ground state. When starting INS model optimization with the D/J = 0.5 initial condition, a local minimum exists having residuals >10% larger than the best-fit that is a similar distance in D/J from the critical D C /J value, and with parameters of J = 0.41 meV, D = 0.18 meV, D/J = 0.44, and ∆ E = 0.05 meV. While fitting the gap well, the D/J = 0.44 fit is qualitatively different than the data as it has an S z S z mode with significant intensity at (q 1D , ω) = (π, 0.44 meV) that would be greater than five times the observation along with missing the intensity at the top of the band at the AFM zone boundary.
In addition to the one-dimensional collective modes, a local mode was observed at low-temperatures, Appendix B. This local mode is not visible in the data converted from |Q| to Q 1D because it does not have a one-dimensional momentum dependence of the intensity. In the unconverted data, there is a momentum independent (aside from the Ni 2+ magnetic form factor) peak at 0.53 meV that is precisely the best-fit value of D. We assign this feature to be single-ion D excitations from Ni 2+ spins that are in environments that have chain lengths less than the correlation length.
Our neutron data give different parameters than were derived from bulk measurements, but have values that are close to being within the bulk parameter experimen- 0.18 meV, which is low for NiF 2 N 4 [19] . Then with D/J = 1.51, NBCT is in the large-D QPM phase in (D, J)space.
To understand the position of NBCT in a spin chain phase diagram and look for possible quantum phase transitions, the magnitude of the rhombic single-ion anisotropy must be estimated. The NENP material with D/J = 0.18 was reported to have E/D = 0.11 [20] . A survey of large-D QPM phase chains shows a range of E/D values from 0.1 to 0.3 [21] . Wavefunction theory calculations of NBCT give D = 13.44 K (1. from Table I scales E/D values of 0.13 and 0.21 to E/J values of 0.20 and 0.31, respectively. These calculations clearly show the non-negligible character of E in NBCT and related compounds. Also, the relative canting of the local quantization axes for the two magnetic Ni 2+ ions in the unit cell ( Fig. 1) will have the effect of a rhombic single-ion anisotropy on the collective modes and has the potential to modify from the local single-ion values. Presumably, the splitting of the S x/y S x/y mode as a function of E will eventually close the gap on the lowest mode and long-range order will appear. If at D/J = 1.51 the critical E C /J is estimated as ≈ 0.11, then a linear dependence of the energy splitting yields E/J = 1.3 ∆ E for NBCT and E/J = 0.07. We performed an additional DMRG calculation with D/J = 1.51 and E/J = 0.07, which yield (for J = 0.35 meV) ∆ 1 = 0.046 meV, ∆ 2 = 0.129 meV, and ∆ E = 0.083 meV. The INS ∆ E = 0.054 (0.05 ± 0.01) meV implies E/J < 0.07 for NBCT and then E/J ≈ 0.05 (E/D ≈ 0.03) assuming that ∆ E ∝ E/J near E/J = 0.07. Indeed, the absence of magnetic Bragg scattering at temperatures significantly less than the exchange energy scale is in opposition to a magnetically ordered ground state for NBCT, while the low temperature specific heat [14] and magnetization data [15] may indicate the nearby presence of strong quantum fluctuations. Finally, NBCT may be plotted on the (D/J, E/J) phase diagram [10] , Fig. 4 , and is close to the predicted boundary between a large-D phase and a magnetically ordered phase.
III. CONCLUSIONS AND OPEN QUESTIONS
The magnetic excitations in isotopically enriched [Ni(HF 2 )(3-Clpyridine) 4 ]BF 4 (NCBT) have been measured at T = 0.3 K using inelastic neutron scattering techniques on a sample of randomly arranged microcrystals. These data are combined with numerical densitymatrix-renormalization-group studies to indicate D/J = 1.51 and E/J ≈ 0.05, and these results place NBCT in the large-D quantum paramagnetic phase but exceedingly close to a long-range ordering transition. These findings are significantly different than the initial interpretations that this system was in the Haldane phase with D/J ≈ 0.88 [14] . Consequently, NBCT is a prime candidate for pressure or doping induced quantum criticality. Moreover, the importance of rhombic-anisotropy in regions close to the D C /J critical points is emphasized by NBCT. Additionally, doping or grinding experiments to look for end-chain spins and confirm or disconfirm the proposed non-Haldane ground-state for NBCT will be useful, as would specific heat measurements down to 0.3 K or less. The synthesis of sizable (>100 mg) single crystals would also allow for more investigation of NBCT at low temperature and in finite magnetic fields. ratio of incident and final momentum to result in numbers that are proportional to a correlation function. All numerical optimizations used the libraries of SciPy [25] .
The DMRG calculations were performed for D/J = [0, 0.5, 1.0, 1.5, 2.0] using L = 64 sites on a chain. For ω/J < 0.2, ∆ω/J = 0.002 and η = 0.0032. For ω/J > 0.2, ∆ω/J = 0.04 and η = 0.07. For de-noising, these DMRG correlations were fit to the phenomenological relationships
where the dispersion relationship parameterization is inspired by linear spin wave theory [26] . The resulting parameters were then interpolated with cubic splines to give smooth functions of A, v, ∆, I 0 , and I −1 for the S x/y S x/y and S z S z correlation functions. The S x/y S x/y correlations were further split into S x S x and S y S y by letting ∆ x/y → ∆ x/y ±∆ E /2. To compare DMRG with experiment, a Bose factor was included to modify the intensity as a function of ω. The Ni 2+ magnetic form factor was included to modify the intensity as a function of momentum transfer [27] . Subsequent to fitting with the D/J = [0, 0.5, 1.0, 1.5, 2.0] interpolated DMRG data, a D/J = 1.51 DMRG calculation was performed that agreed with the interpolated data to within 1 part per 1,000 and therefore has no effect on the solution. The NBCT and the mononuclear analog [Ni(3-Clpy) 4 (FHF) 2 ] were modeled by wavefunction theory using a complete active space self-consistent-field (CASSCF) approach employing the scalar relativistically recontracted basis sets tailored for use with the Douglas-Kroll-Hess (DKH) Hamiltonian. Calculations were done in the Orca program suite. [28] The basis sets were of triple-ζ quality on all atoms (DKH-def2-TZVP) except for Zr where the old-DKH-TZVP of Orca was employed. In all calculations, the second order DKH Hamiltonian was used. The calculation was done on the experimental geometry and the active space was limited to the Ni dorbitals, leading to a CAS(8,5) calculation.
Appendix B: Local mode and example of I(Q1D) extraction
The local mode we assign to single-ion D excitations from Ni 2+ spins without spatial correlation is visible in the raw powder data at T = 0.3 K, Fig. 5 (a) . At low momentum transfers, contaminating intensity from the direct beam is visible. Multiple scattering between the sample and the cryostat is also visible, such as at (|Q|, ω) ≈ (1 −1 , 0.6 meV). Here, we also visualize the extraction of the one-dimensional correlations from the powder averaged data. Subtracting T = 13 K data from T = 0.3 K data removes extrinsic features, and subsequently converting from |Q| to Q 1D removes the bleeding of intensity to higher momenta, Fig. 5 (b) . The temperature dependence of the raw powder data averaged over |Q| = [0.4, 0.6] −1 shows the evolution of both the onedimensional collective modes and the local mode, Fig 
